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Abstract 

This paper proposes a method to indicate potential problems when planning dye penetrant and x-ray 

inspection of welded components. Inspection has been found to be an important part of the 

manufacturability evaluation made in a large CAD-based parametric environment for making multi-

disciplinary design simulations in early stages of design at an aircraft component manufacturer. The paper 

explains how the proposed method is to be included in the design platform at the company. It predicts the 

expected probability of detection of cracks (POD) in situations where the geometry of the parts is 

unfavourable for inspection so that potential problems can be discovered and solved in early stages. It is 

based on automatically extracting information from CAD-models and making a rule-based evaluation. It 

also provides a scale for how favourable the geometry is for inspection. In the paper it is also shown that 

the manufacturability evaluation need to take into consideration the expected stresses in the structures, 

highlighting the importance of multi-disciplinary simulations. 
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1. Introduction 

This paper proposes a CAD-model based method to 

indicate potential problems when planning x-ray and dye 

penetrant inspection of welded components. The paper is a 

part of a research project with the aim of increasing the 

capability for companies to respond to fluctuating 

requirements. The paper begins with describing the larger 

context and then proceeds to detailing the method. 

The type of companies considered are developing highly 

customised products in a Business to business (B2B) 

environment. They are facing increasing product complexity 

which is reflected in the amount of product data that is 

generated and saved through the development. It has been 

shown [1] that the traditionally defined product platform is 

hard to implement in these types of companies due to that 

future variants cannot be pre-planned and requirements tend 

to fluctuate during the development. To meet these 

fluctuating requirements, the assumption made in the project 

is that a design platform is needed to manage and reuse the 

product knowledge in a structured way. The generic design 

platform, introduced in [2], is shown in figure 1. 

 
Fig. 1: The Design Platform adapted from [2] 

As seen in the figure, the results of technology development 
such as new verified methods, tools and technology solutions 

are represented as models in the design platform. These 

models are for example guidelines, process descriptions and 

best practice methods that can be seen as the product 

constructs and supports in the designing of new variants 

where there are no components or subsystems to be reused. 

There are also executables such as spread sheets, scripts and 

software applications to facilitate the knowledge retrieval and 

possibly automated reuse. There is a continuous process of 

extending and improving the design platform represented as 

the knowledge value stream. The models of the platform are 

used in the PD projects. Note that the knowledge build-up is 

ongoing while the PD projects have a start and an end. The 

experiences from the development projects and from the 

products when they are in service are fed back to the design 

platform for its continuous improvement, hence the circular 

arrows in figure 1.  The Design Platform as such is not the 

contribution of this paper. However, the method and the 

application of the method in the company studied, acts as a 

way to exemplify what the Design Platform can contain. The 

Design Platform is a broadening of the term Product Platform 

as a way to describe not only tangible pre designed things, 

but also the means which are used in the realization of 

designs.  

In the design platform used by the company studied in this 

paper, a set of models is used to predict how designs are 

affected by changes in the geometrical parameters in the early 

stages of design. It is based on computer simulations. Albeit, 

the available design information is limited, the simulations 

are still useful to explore the design space and to understand 

which sets of requirements that can be met and what trade-

offs that can be made. The simulation models are 

simplifications reflecting the limited information available. 

Still they need to capture the primary product behaviour. The 

simulations cover many different aspects of the product life 

cycle and are therefore often referred to as multi-disciplinary. 

When a conceptual design of an aero engine component 

has been defined, part of the design routine is to create a 

multitude of geometrically different variants in CAD. These 

are subsequently evaluated using FEA, CFD and other 

simulation software. In this way, the company gains 



knowledge on how the geometrical parameters affect 

performance of the component. This allows a thorough 

exploration of the design space giving insights in which sets 

of requirements that can be fulfilled and what trade-offs that 

can be made. It also enables the company to quickly respond 

to enquiries from customers on the consequences of proposed 

requirements changes. 

Efforts have been made in including manufacturability 

analysis in these design space explorations [3-6]. As a 

starting point, the work has been focused on the welding of 

cast and sheet-metal parts together to complete engine 

components. The objective has been to develop models and 

tools to predict which difficulties that will be associated with 

the welding and also to make a rough cost estimation of the 

manufacturing operation. In this way knowledge is gained on 

how to set the geometric design parameters to avoid making 

the manufacturing operations unnecessary difficult and 

thereby adding to the cost and the risk of failure in the 

manufacturing. During this work, the inspection of the welds 

has emerged as an important part of the manufacturing 

process. Therefore, it must already in the early stages be 

established if the geometrical conditions at the place of 

inspection permit the workshop staff to visually determine 

the presence of cracks with a certain probability known as 

POD (Probability of detection). This paper proposes a 

method for automated assessment of the accessibility for 

making a dye penetrant inspection. The method is based on 

extracting geometrical data from CAD-models and making a 

rule based check of a number of geometrical conditions. The 

method makes it possible to include the inspectability in the 

multi objective design space explorations. 

2. Literature review 

There are several different definitions of what a platform is. 

The most used and applied definition focuses on tangible 

things and is formulated by [7] as “A set of common 

components, modules, or parts from which a stream of 

derivative products can be efficiently developed and 

launched.” A definition covering a larger scope is done by 

[8]: “The collection of assets [i.e., components, processes, 

knowledge, people and relationships] that are shared by a set 

of products ”. Other available definitions usually fit in 

between these two. This large scope of definitions makes 

Johannesson [9] question if companies have a choice 

regarding implementing a platform or not since platforms can 

exist on several levels. Cooper [10] suggests that one 

deliverable from technology development can be a 

technology platform which is further investigated by Högman 

[1]. The author presents a technology platform definition that 

is not connected to a specific implementation (as a product 

platform is) but is rather consisting of design knowledge, 

product concepts, applied technology and technological 

capabilities in order to support product realization. 

Guðlaugsson et al [11] describes a tool called Conceptual 

Product Platform which has been based on the concept of 

technology platforms. The aim is to communicate the product 

portfolio by mapping application requirements through 

concepts, to the product organs which is the physical features 

that realizes the functions. 

In product development, all decisions that have any major 

influence on the cost and performance of products are taken 

in the early design stages [12]. Accurate predictions of the 

product behaviour are therefore wanted as early as possible 

so that an exploration of the design space can take place. This 

is supported by the rapid development of computer 

simulations of various phenomenon, opening possibilities to 

allow the simulations to drive the design process [13]. It is 

now possible to make extensive design analysis far exceeding 

just a few design suggestions. In many cases the whole 

design space can be covered by distributing a sufficient 

number of samples using design of experiments (DOE). 

When a conceptual design is created, the effect of varying its 

geometric parameters can be studied. Thus it is possible to 

get a perception of which requirements that can be met and 

what trade-offs can be made. 

The complexity of this is high because the simulations need 

to consider a multitude of different aspects of the products 

life-cycle. Examples include not only the performance but 

also the manufacturing, distribution and recycling of the 

product. Thus, the simulations need to be multi objective, 

incorporating many different types of simulations from FEA 

and CFD to economical and probabilistic such as production 

flow. There are numerous examples of such multi objective 

design studies. In the studied aerospace industry, 

manufacturability and cost are incorporated in the early 

stages together with performance parameters such as 

structural strength and expected life. [14, 15] [6] 

Manufacturability refers to the ease by which a product can 

be manufactured. It emphasizes that no unnecessary 

difficulties should be introduced such as additional 

geometrical complexity that can have a negative effect on the 

capability of the manufacturing process for the product. 

Further it should be robust i.e. tolerant against variation. This 

also applies to the assembling where the dimensional 

variation of the components should not jeopardize the 

product functions. The assembling itself should not be 

unnecessarily complicated and introduce unnecessary risk of 

error. The assessment of the manufacturability is often based 

on checking that a number of geometrical and other 

conditions are fulfilled. This is often referred to as DfM, 

design for manufacturing [16, 17]. A framework applied to 

the aerospace industry is discussed in [18] but it does not 

detail how to perform the actual manufacturability prediction. 

There are several different ways of performing 

manufacturability evaluation [19]. When introducing 

manufacturability evaluation, the models must be adapted to 

the time available and the maturity of the design so that it 

becomes possible to perform them within the given time 

frame and with the expected precision [20]. Evaluation can 

be made using FEA such as applied to draw bending [21]. 

Another way is to use rule-based evaluation. It consists of a 

number of conditions for manufacturability often evaluated 

using if-statements. Thus, the product can be checked so that 

it does not contain any geometry that is not suitable for the 

intended manufacturing process. The predicted production 

cost is often used as a measure of the manufacturability [22, 

23]. The suggestion with the lowest cost also has the highest 

manufacturability. 

3. Multi-disciplinary design space exploration 

The aerospace company designs and manufactures structural 

components in turbine aero engines. In the process of 

developing new products, extensive multi-disciplinary studies 

on conceptual designs are conducted to gain knowledge on 



the effect of variation of the design parameters on the 

performance of the engine. 

The purpose in not primarily to optimize against specific 

objectives, but rather to make a design space exploration to 

get a perception of the influence of the geometric design 

parameters on the product behaviour. The exploration is done 

in an automated parametric environment mainly based on 

CAD, FEA and CFD software. In addition, there are 

commercial and in-house developed software used to 

automate the process, support geometry creation and to let 

the user define the case and review the results. Figure 2  

shows the principal architecture of the system. 

 

Fig. 2: Principal function of the parametric environment. 

First, the variation of a number of selected design parameters 

in planned using design of experiments (DOE) ensuring that 

the samples are a good/sufficient representation of the design 

space. A number of CAD-models with the planned variation 

are then automatically created. Each such variant is called a 

“design case”. Each design case is then analysed from 

various aspects. Given the number of design cases analysed, 

the whole process must be automated including the FEA and 

CFD pre-processing. Otherwise the time needed to complete 

the study would be too long. The results are then gathered in 

a post processing step and thereafter sent for making 

graphical visualizations. The results are used to build 

knowledge on the influence of the design parameters on the 

product performance from several life-cycle aspects. This is a 

powerful decision support when further elaborating the 

design. 

4. Inspectability of welds 

While developing the method at the company, it has been 

assumed that the manufacturability should be evaluated 

taking two views in consideration: 

1. By checking that a number of geometrical conditions 

related to manufacturability are fulfilled 

2. By making a rough cost calculation to rank the 

manufacturability of the various design cases. 

The geometric conditions include the accessibility for the 

robotic welding gun, presence of radii that are below a certain 

limit, the suitability to combine various types of materials 

and the plate-thickness and it’s the variation. These checks 

are based on getting geometric data and other information 

from the CAD-models and evaluating the conditions using 

rules mainly based on IF-statements. The cost calculations 

are based on scheduling the welding operations and adding 

pre- and post-operations allowing process plans to be 

automatically created. From these a rough cost estimation can 

be made. 

When elaborating the manufacturability, inspecting the welds 

has emerged as an important part of the manufacturing 

process. This needs to be addressed in the early phases of 

design by introducing automated checks in the parametric 

environment assuring that the welds can be inspected. 

The inspection is done in three ways. By visual inspection 

when the operator systematically checks for cracks. It is also 

done radiologically (x-ray inspection) and by using dye 

penetrant. 

 

4.1 Radiological inspection  

The x-ray inspection is done by placing a source of radiation 

(x-ray tube) on one side of the place for inspection and a 

detector on the opposite side. First, it must be checked that 

the x-ray tube will fit inside the component. The collision 

check function of the CAD-system can here be used. In the 

left side of figure 3, a fictitious static turbine frame with the 

x-ray tube and the detector represented as volumes is shown.  

 

Fig. 3: x-ray inspection. 

The red cylindrical volume is the x-ray tube and the block is 

the detector. It is positioned so it does not collide with any of 

the surrounding surfaces. If the available space is too small, it 

is not possible to move it in the x, y direction to avoid 

collision and the check will fail. 
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Secondly, the relation between plate thickness and the item to 

be detected must be of a certain value. The smallest fault that 

the inspection is expected to find cannot be too small 

compared to the thickness of the plate. This is a general 

condition that can be checked by extracting the largest plate 

thickness from the model and comparing it with the smallest 

fault size. A special problem occurs at the corners where the 

x-rays must pass through the plate at an angle. The effective 

plate thickness will then be bigger than the nominal (t’ on the 

right side of figure 2). A threshold on the angle α will have to 

be included in the check. 

4.2 Dye penetrant inspection  

In the case of dye penetrant inspection an added complexity 

emerges. This is due to that in the weld inspection, the level 

of inspection required according to the aviation standards 

depend on the estimated stress level in and near the welds. 

The table 1 below shows the requirements on the inspection 

depending on the stress level. It is divided into three classes 

of inspection. 

Table 1: Simplified standard of inspection requirements 

Class Stress Type of inspection 

1 Low stress Visual inspection only 

2 Medium Dye penetrant from one side 

3 High stress Dye penetrant from both 

sides 
 

The table is a simplification of the actual aviation standard. 

Further, the inspection required does not only depend on the 

stress level but also on the severity of the consequences of a 

failure. These consequences are related to how the structure 

is expected to fail. However, this is a result of more careful 

analysis and is not available in the early stages of design. As 

a conservative estimate the classification is based only on the 

stress level. The consequences must therefore be assumed to 

be the worst possible in every case. 

The dependency between the inspection and the stress level 

means that the stress analysis and the manufacturability 

analysis cannot be treated separately. First, the stress level 

must be established for each weld by structural analysis. 

Depending on the estimated stress levels, the welds can be 

classed 1,2 or 3 accordingly. It is the welds in class 3 that 

need dye penetrant inspection from both sides that are critical 

and which have been in focus in this work.  

The inside surfaces are usually difficult to access. One 

example is the insides of stationary hollow turbine vanes. 

One fictitious vane is shown in figure 4 below. 
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Fig. 4: A fictitious vane for dye penetrant inspection. 

When inspecting, the area of inspection must first be cleaned. 

Thereafter dye penetrant is applied and then excess dye is 

washed off. The component is thereafter checked and 

discovered cracks must be verified by a second inspection. 

Ideally the operator must have an unobstructed line of sight 

directly on the weld to indicate the presence of a crack when 

subjecting it to UV-light. If this is not possible, the 

probability of the operator discovering the crack decreases. In 

order for the inspection method to be used, aviation standards 

require that a minimum POD of a crack of a certain length is 

demonstrated. 

The vane of figure 4 is welded together of several sheet metal 

parts. In the example, five welds are used at locations 

indicated in the figure. A section through the vane (to the 

right in figure 4) shows the weld 1. At any position along the 

weld, the normal distance denoted r to the closest obstructing 

surface is shown. The less space r that is available, the more 

difficult it becomes to inspect the weld. However, if the weld 

is located near the end of the vane (distance l) it becomes 

more easy for the operator to see the crack. Therefore, the 

ratio l/r can be taken as a measure of the difficulty of 

inspection. A high value of the l/r ratio means that little space 

is available and the distance to the end is long. Using this 

simple model, it is possible to plot the POD against the l/r 

ratio as shown in the below graph in figure 5. 
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Fig. 5: Influence of l/r ratio in the POD. 

It is possible to inspect with the full POD (UP) for l/r ≤a. For 

values a<l/r<b the POD is predicted according to the line 

between UP (Upper POD) and LP (Lower POD) is returned. 

Inspection is not possible for l/r ≥ b so the function will 

return “false”. When determining l it must be checked from 

which end of the vane it is possible to access. There is also a 

required minimum value for r where it is not possible to 

access to apply the dye penetrant regardless of the value of l.  

The distances l, and r are to be extracted from the CAD 

models. The returned values will then be reviewed together 

with other manufacturability indicators, highlighting which of 

the design cases that may prove difficult to manufacture. 

These have to be subject of a closer review by manufacturing 

experts to see what measures can (if any) to improve the poor 

manufacturability of the design case. 

 

 



5. Discussion 

Literature has proposed that platforms can be used to describe 

assets on a higher level of abstraction than tangible 

components and systems [1]. However, there are quite few 

practical examples of possible contents of such a platform 

and how the platform could be described in a coherent way 

connecting designs, methods, models and tools. This paper 

proposes a method to be used in the Design Platform where 

some manufacturing knowledge has been formalized and 

automated in assessing the case of inspection of welds in aero 

engine components. The model can be viewed as an asset or 

resource that can be applied and reused on an array of 

products and variants. making it part of the inspection has 

emerged as an important part of the manufacturability 

evaluation in the aerospace case, both x-ray and dye 

penetrant. In the dye penetrant case, there is an interesting 

coupling to the structural analysis. Thus, the structural case 

must be solved first in order to determine the 

manufacturability. By changing the locations of the welds, 

moving them away from highly stressed areas, it is possible 

to improve the manufacturability. If there are design cases 

where all welds belong to case 1 or 2, then complicated 

inside inspection will not be necessary. This shows the 

importance of including the manufacturability in the 

multidisciplinary simulations. The proposed model returns a 

POD value between UL and UP for some r/l values. This 

provides a scale for the manufacturability check to indicate if 

the process parameters are nearing the limitations the process. 

However, it is still possible to inspect albeit with more 

difficulty. Possibly similar near threshold indicators can be 

developed for other checks such as the accessibility for 

welding. This will provide a quantification of the expected 

difficulty not just a true or false answer. 

The assumption of a linear dependency of the POD has not 

been verified. However, since the objective in the early stages 

of design is to get an indication of potential problem areas, 

the exact behaviour is not of importance as long as it 

correctly indicates the potential problem areas. The intention 

is to add the inspectabilty as part of the manufacturability 

evaluation and run a number of former component designs. 

Some evaluation has been made with manufacturing experts. 

In these talks it has turned out that POD is in practice 

required to be fixed at a certain level. The suggestion is to 

instead let the detectable crack length vary. This will be 

included in the further evaluation and validation of the tool. 

6. Conclusions 

This paper takes its starting point in the definition of a 

coherent platform description including developed solutions, 

methods, models and more. As a way to exemplify what this 

platform can contain a case from the aerospace industry is 

presented.  

A case model has been proposed to include inspectability as a 

manufacturing check in a fully automated parametric 

environment. This represent a special class of 

manufacturability checks that provides an indication of how 

near the threshold of a process the parameters are. The stress 

level in the structure has an effect on the manufacturability, 

why a multi-disciplinary design evaluation is needed. 
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